In clopidogrel-treated patients undergoing coronary stenting, high on-treatment platelet reactivity was linked to a higher risk of stent thrombosis (ST). Platelet response to clopidogrel is significantly influenced by genetic factors. Recently published findings showed a highly significant impact of a common polymorphism (Q192R) within the paraoxonase-1 (PON1) gene on clopidogrel treatment efficacy but no influence of the CYP2C19*2 genetic variant as previously demonstrated. The aim of this study was to assess the impact of the PON1 Q192R genotype in parallel to that of CYP2C19*2 on the antiplatelet effect of clopidogrel and the risk of ST in clopidogrel-treated patients.
Introduction
Simultaneous dual inhibition of blood platelets by the cyclooxygenase-1 inhibitor aspirin as well as by P2Y12 receptor inhibitors such as clopidogrel is the treatment of choice in patients with acute coronary syndromes or those undergoing coronary stenting. 1 Major shortcomings of clopidogrel therapy however include its delayed onset of action, 2 its large inter-individual response variability, 3, 4 and the fact that despite adequate treatment with the drug, a significant proportion of patients exhibit a status of high (on-treatment) platelet reactivity (HPR). 5, 6 Across numerous clinical studies, HPR to clopidogrel was found to be a strong predictor for a higher risk of ischaemic events including the occurrence of stent thrombosis (ST). 5 The second-generation thienopyridine clopidogrel is a pro-drug that requires enzymatic bioactivation into its active thiol metabolite before interacting with the P2Y12 receptor on blood platelets. Pharmacokinetic, pharmacodynamic as well as genetic studies provided abundant evidence that in vivo bioactivation of clopidogrel is a two-step process that is closely linked to the cytochrome P450 (CYP) system. 7 -9 The isoenzyme CYP2C19 was found to play a key role in this setting by contributing to both clopidogrel bioactivation steps. 7 A common genetic variant within the CYP2C19 gene, the CYP2C19*2 loss-of-function polymorphism, was found to be associated with an attenuated response to clopidogrel 9 -11 and a worse clinical outcome in patients undergoing coronary stenting. 12 -14 The latter association was demonstrated and confirmed across numerous observational studies, 13, 15, 16 in a genomewide association study (GWAS), 9 and in analyses of randomized clinical trials. 12 A recent collaborative meta-analysis (n ¼ 9685 patients) demonstrated a significant association of CYP2C19*2 allele carriage and ischaemic events. This association was uniformly reported across all studies included, and it was most pronounced for the risk of ST with 84 ST cases included in the meta-analysis. 17 Recently, a different genetic variant (Q192) within the gene encoding for the paraoxonase-1 (PON1) enzyme was described by Bouman et al. 18 to be linked to clopidogrel bioactivation, to the response to clopidogrel treatment, and to the clinical outcome of clopidogrel-treated patients. Against prior observations, 7, 9, 17 the authors identified PON1 as the single key factor for the second step of clopidogrel bioactivation and found no evidence for the involvement of CYP2C19 in any of the steps of clopidogrel metabolism. 18 While showing a significant impact of the PON1 Q192R genotype on the clinical outcome of clopidogreltreated patients, the authors refuted the established association 9,14,17 of CYP2C19*2 allele carriage and ST in clopidogreltreated patients. Hence, the findings of the latter study 18 question the current concept of clopidogrel bioactivation 7 and cast doubts on a large body of previous genetic association studies. 9 -17,19 -22 Therefore, the aim of the present study was to investigate the impact of PON1 Q192R and CYP2C19*2 genotypes on the antiplatelet efficacy of clopidogrel and on the risk of ST in clopidogreltreated patients undergoing coronary stent placement.
Methods

Study cohorts and study principle
Two study cohorts of patients with percutaneous coronary intervention (PCI) and dual antiplatelet therapy with aspirin and clopidogrel were included in the present analyses. First, a consecutive, prospectively recruited PCI cohort of 1524 patients enabled us to assess the impact of PON1 Q192R and CYP2C19*2 genotypes on platelet aggregation after clopidogrel treatment; second, the addition of a registry of 127 cases of early ST enabled us to assess the impact of PON1 Q192R and CYP2C19*2 genotypes on the risk for this complication. Genotyping for and assessment of the role of CYP2C19*2 parallel to PON1 Q192R were performed with the intention of using it as a control bearing in mind available evidence on the association of CYP2C19*2 allele carriage with clopidogrel treatment efficacy. 9 -17,19 -22 All platelet aggregation measurements were undertaken by laboratory personnel who were unaware of patients' outcome and genotyping results. Concordantly, genotyping was performed by laboratory personnel who were unaware of patients' outcome and platelet aggregation results. The study complies with the Declaration of Helsinki and was approved by the local Ethics Committee. All patients gave written informed consent prior to study inclusion.
Prospective percutaneous coronary intervention cohort
This cohort was recruited between February 2007 through April 2008 at the Deutsches Herzzentrum München (Munich, Germany) in the setting of a prospective trial including 1608 patients with platelet function testing during the coronary intervention that aimed to assess the association of HPR and ST risk. 6 For the present study, blood for genotyping was available in 1524 patients (95%) of this cohort. A sensitivity analysis showed that patients without available DNA (n ¼ 84) did not differ from those with available DNA (n ¼ 1524) with respect to age, clinical presentation, and platelet aggregation measurements (P . 0.16). The design of the primary trial and details of the study population under investigation here have been described in detail previously. 6 Both genotyping for PON1/CYP2C19*2 and inclusion of the group with ST were primarily done for this specific study. All patients included in this study were pre-treated with a loading dose of 600 mg of clopidogrel prior to the procedure. The recommended pre-treatment interval was ≥2 h. Percutaneous coronary intervention was performed according to current standard guidelines. Exclusion criteria were contraindications to aspirin or clopidogrel treatment and prior treatment with GP IIb/IIIa inhibitors during the 10 days before the PCI.
Stent thrombosis registry and control group
A registry of cases with early definite ST was also included in this study. A total of 127 definite ST occurring within 30 days after stenting were part of this registry and cases included were without apparent discontinuation of clopidogrel prior to the event. All of them were recruited consecutively between January 1999 and April 2008. During this time period, a total of 130 ST cases were screened by means of clinical follow-up and in 127 of them, DNA for genotyping was available. Definite ST was defined according to the academic research consortium criteria. 23 For comparing genotype distributions between ST cases and event-free controls, the respective control group was formed from the prospective PCI cohort mentioned above (n ¼ 1524) after excluding patients who only received plain balloon angioplasty without stent (n ¼ 75) and those who incurred early definite ST (n ¼ 10). Thus, a total of 1439 patients were included in this control cohort.
Blood sampling and genotyping
Blood for genomic DNA extraction and genotyping was taken from the arterial sheath of all patients directly prior to PCI. DNA was extracted from 200 mL of blood using commercially available kits (Nucleo Spin Blood Quick Pure, Macherey-Nagel, Germany) according to the manufacturer's instructions. Genotypes were determined with a TaqMan assay using an ABI Prism Sequence Detector 7000 (Applied Biosystems) according to standard protocols. Primers 5 ′ -ACCTGAGCACTTTTA TGGCACAA-3 ′ and 5 ′ -ACCACTCGAACTTCACTTGGACTATAGT-3 ′ were used to amplify the sequence of the PON1 gene containing the Q192R polymorphism (rs662) in exon 6 of the gene. The sequence of the A allele-specific probe was 5 ′ -FAM-CCTACTTACAATCCTG-3 ′ and the sequence of the G allele-specific probe was 5
were used to amplify a sequence of the CYP2C19 gene containing the single nucleotide polymorphism 681G.A (rs4244285, *2) in exon 5. The sequence of the G allele-specific probe was 5 ′ -FAM-TTATTTCCCGGGAACC-3
′ and the sequence of the A allele-specific probe was 5 ′ -VIC-ATTATTTCCCAGGAACC-3 ′ . To control for correct sample handling, genotyping was repeated in 20% of the patients for both variants investigated. Repeated genotyping revealed identical results, and the call rate for both PON1 Q192R and CYP2C19*2 SNPs was 100%.
Platelet function testing
For platelet function testing on the Multiplate analyser using multiple electrode aggregometry (MEA), whole blood was obtained from the arterial sheath of all patients directly before PCI and prior to the administration of any anticoagulant/antithrombotic treatment in the cath lab. Blood was placed in 4.5 mL plastic tubes containing the anticoagulant lepirudin (25 mg/mL, Refludan, Dynabyte, Munich, Germany). The ADP(6.4 mM)-induced platelet aggregation was assessed. Details of this method have been reported previously. 6, 24 Aggregation measured with MEA is quantified as area under the curve (AUC ¼ AU × min) of aggregation units (AU). All material used for platelet function testing was obtained from the manufacturer.
Statistical analysis
Variables are presented as mean + standard deviation (SD), counts (percentages), or median with interquartile range (IQR). Categorical variables were compared using the x 2 test. The KolmogorovSmirnov test was used to check for normal distribution of continuous data. Normally distributed continuous data were compared across two groups with the two-sided unpaired t-test and for genotype group comparisons with the one-way analysis of variance test. Non-normally distributed continuous data such as those related to platelet function were compared across two groups with the two-sided unpaired Wilcoxon test and genotype group comparisons with the Kruskal -Wallis test. In the prospective PCI cohort, we tested for a possible deviation of PON1 Q192R and CYP2C19*2 genotype distribution from HardyWeinberg equilibrium proportions using Pearson's goodness-of-fit test. Multivariable linear regression analysis was applied to check whether PON1 Q192R and CYP2C19*2 were independently associated with platelet function. A multiple logistic regression model was used to test whether PON1 Q192R and CYP2C19*2 genotypes were independent predictors of ST. In addition to PON1 Q192R or CYP2C19*2 genotypes entered as the number of risk alleles carried by the patient (zero, one or two) and by assuming a co-dominant model for the allele effect, all variables that differed (P , 0.10) between ST cases and controls were also embedded into the multivariable model. All analyses were performed using the software package S-PLUS (TIBCO Software Inc., USA). For all statistical analyses, a P-value ,0.05 was considered statistically significant.
Results
PON1 Q1922R and CYP2C19*2 genotypes and platelet function
Baseline characteristics of the cohort of 1524 PCI patients are summarized in Figure 1 , the ADP-induced platelet aggregation did not differ across genotype groups (P ¼ 0.65). In the 1405 patients, who were carriers of at least one Q allele (QR192 or QQ192), ADP-induced platelet aggregation was similar and numerically lower when compared with the remaining patients (n ¼ 119): [225 (141-367) AU × min vs. 230 (141 -364) AU × min, respectively; P ¼ 0.94].
The ADP-induced platelet aggregation values across CYP2C19*2 genotypes were as follows: 208 (134 -329) AU × min for CYP2C19 wt/wt patients, 267 (175 -428) AU × min for CYP2C19 wt/*2 patients, and 494 (341-732) AU × min for CYP2C19 *2/*2 patients. As demonstrated in Figure 2 , the ADP-induced platelet aggregation was significantly different across genotype groups (P , 0.0001). In the 377 patients, who were carriers of at least one *2 allele (wt/*2 or *2/*2), ADP-induced platelet aggregation was significantly higher when compared with the remaining patients (n ¼ 1147): [286 (186 -460) AU × min vs. 208 (134-329) AU × min, respectively; P , 0.0001].
In the multivariable linear regression analysis including all variables displayed in Table 1 in addition to PON1 Q192R and CYP2C19*2 genotypes, CYP2C19*2 (P , 0.001) but not PON1 Q192R (P ¼ 0.76) significantly correlated with ADP-induced platelet aggregation.
PON1 Q1922R and CYP2C19*2 genotypes and stent thrombosis PON1 Q192R and CYP2C19*2 genotypes were determined in 127 ST cases and 1439 ST-free controls. Table 2 contains main characteristics of these two groups. Figure 3 shows the PON1 Q192R genotype distribution in cases vs. controls. The genotype distribution did not differ between cases and controls (P ¼ 0.23). Among the 127 ST cases, 121 patients (95%) were carriers of at least one Q192 allele (45 ST cases in QR192 patients and 76 ST cases in QQ192 patients), whereas six patients (5%) were RR192 homozygous carriers. This was not significantly different from the distribution observed in the control group (92 vs. 8%, respectively; P ¼ 0.20). Figure 4 shows the CYP2C19*2 genotype distribution in cases vs. controls. least one CYP2C19*2 allele (43 ST cases in wt/*2 patients and three ST cases in *2/*2 patients), whereas 81 patients (64%) were CYP2C19 wt/wt allele carriers. This was significantly different from the distribution observed in the control group (25 vs. 75%, respectively; P ¼ 0.006).
The results of a multivariable logistic regression model that assumed a co-dominant allele effect and that adjusted for all variables ( Table 2 ) that differed between ST cases and controls (P , 0.10) demonstrated that the PON1 Q192R genotype did not significantly correlate with ST (P ¼ 0.22). In contrast, the CYP2C19*2 genotype correlated significantly (P ¼ 0.03) with the risk of this complication with an adjusted odds ratio of 2.27 (95% CI, 1.08 -4.74) for CYP2C19 *2/*2 vs. CYP2C19 wt/wt. In this model, the odds ratio per one allele carriage was 1.51 (95% Paraoxonase-1, CYP2C19, and clopidogrel efficacy CI, 1.04-2.18) for CYP2C19*2 and 1.24 (95% CI, 0.88-1.75) for PON1 Q192R. Detailed results of the multivariable logistic regression analysis are shown in Table 3 .
Discussion
In the present study, we assessed in parallel a possible influence of PON1 Q192R and CYP2C19*2 genotypes on the clopidogrel antiplatelet effect as well as the risk for ST in patients undergoing PCI. Key results of our study can be summarized as follows: First, only CYP2C19*2 influences the ADP-induced platelet aggregation in clopidogrel-treated patients, whereas no influence on aggregation measurements was observed for PON1 Q192R genotypes. Indeed, median aggregation values were virtually identical across PON1 genotype groups and even numerically lower in Q192 allele carriers. In contrast, we found a strong gene-dose effect for CYP2C19*2 allele carriage on platelet aggregation values. Second, only CYP2C19*2 but not the PON1 Q192R genotype was found to be associated with a higher risk for ST. Thus, on both a mechanistic level of aggregation measurements and also in terms of clinical outcome results, our observations are in contrast to recently published data. 18 With the results reported here, we can confirm the previously indicated key role of CYP2C19*2 on clopidogrel treatment efficacy, 17 and refute a significant impact of the PON1 QR192 genotype in this regard.
The strengths of the present study include the comparatively large cohort of patients with platelet function measurements available as well as the approach of testing the influence of two SNPs on platelet aggregation in parallel. Bearing in mind that numerous studies reported on an association of CYP2C19*2 allele carriage with higher ADP-induced platelet aggregation values, 9 -17,19 -22 CYP2C19*2-in the present setting-may be thought to serve as a 'positive control' to confirm or refute the impact of other variants under investigation. On the level of platelet aggregation measurements, an influence of PON1 Q192R seems highly unlikely as we saw no signal of a trend towards higher values in QR192 or QQ192 patients, while we did find a strong gene-dose effect for CYP2C19*2 allele carriage with the highest aggregation values observed in homozygous allele carriers. Importantly, the platelet function assay used for testing (Multiplate analyser) was shown previously to be highly capable of detecting the impact of genetic and non-genetic markers on platelet aggregation in clopidogreltreated patients. 10, 25, 26 Concerning the clinical outcome of clopidogrel-treated patients undergoing coronary stenting, our results reported here are in line with a number of prior studies 9 -17,19 -22 and confirm the central role of CYP2C19*2 as a genetic risk marker of ST. Correspondingly, the CYP2C19 locus located on chromosome 10 was found to be the only locus that was associated with clopidogrel treatment efficacy in a GWAS. 9 Importantly, the same GWAS on clopidogrel 9 did not identify any SNPs surrounding or including the PON1 locus to be associated with clopidogrel treatment efficacy at all. Moreover, results of a recently published collaborative meta-analysis 17 with data from more than 9000 PCI-treated patients clearly confirmed a significant impact of *2 allele carriage on the clinical outcome of patients. Interestingly, this meta-analysis found the strongest associations of clinical events with *2 allele carriage for the endpoint of ST (based on 84 ST events included in the entire meta-analysis) and for early events after the stenting procedure. This underscores the value of choosing early ST as a clinical endpoint, as it was the case in the present study (including 127 ST events), when it comes to exploring predictors of clopidogrel treatment failure. Results reported here add and extend the knowledge on the role of CYP2C19 in the setting of clopidogrel treatment in patients undergoing coronary stenting. A bulk of evidence exists in support of a relevant role of *2 allele carriage in patients undergoing coronary stenting. 9 -17,19 -22 In contrast, additional information on the risk associated with the *2 allelic variant from post hoc analyses of the CURE and ACTIVE trials has provided conflicting results, showing no impact of *2 on the clinical outcome of patients. 27 However, the rate of PCI-treated patients in CURE was low, and it may well be that the negative impact of CYPC19*2 is confined only to patients treated with coronary stenting.
In line with platelet aggregation measurements that lack an impact of Q192R genotypes, we found no influence of the Q192R genotype with ST risk as well. This is in contrast to the results reported by Bouman et al. 18 The precise reason for this discrepancy remains unclear. Human PON1 polymorphisms and especially the PON1 Q192R genotype have attracted considerable attention in recent years as a possible candidate gene for the development and risk of coronary artery disease in numerous genetic association studies. 22, 28, 29 The study by Bouman et al. 18 expands the areas of research associated with this variant to clopidogrel bioactivation and drug treatment efficacy. In their study, Bouman et al. compared PON1 Q192R genotype frequencies in ST cases (n ¼ 41) and controls (n ¼ 71) and reported a highly significant difference in genotype distributions between the two groups. Of note, PON1 Q192R genotype distributions markedly differed between the control group in the study of Bouman et al. 18 and the control group in our study (35 vs . 53% for QQ192 patients, 47 vs. 39% for QR192 patients, and 18 vs. 8% for RR192 patients, respectively). Thus, differences were most pronounced for the RR192 genotype. However, the genotype distribution in our large control group (n ¼ 1439) is in line with that reported in other studies assessing PON1 Q192R genotype distributions in large cohorts of patients with coronary artery disease. 22, 28, 29 Bearing in mind the poor prognosis of ST following coronary stenting with mortality rates exceeding 40%, 30 great efforts are warranted to identify patients with a higher genetic risk that may benefit from more potent P2Y12 receptor inhibitors such as prasugrel or ticagrelor. 31, 32 Notwithstanding, it seems unlikely that all patients will benefit from more potent antiplatelet drugs as the value of antithrombotic treatment is determined by the balance between the prevention of ischaemic complications and the induction of bleeding; 33, 34 with the latter not surprisingly being a major shortcoming of the more potent agents in general. 31, 32 The potential risk and poor prognosis 34 of bleeding complications in the setting of coronary stenting procedures also underscore the importance of thoroughly testing certain genetic variants for their impact on antiplatelet drug response. Specifically for the results reported here, it seems unlikely that the PON1 Q192R genotype might be a useful risk marker for guiding antiplatelet therapy after stenting. For CYP2C19*2, however, this question can now only be addressed in dedicated randomized trials that randomize *2 allele carriers to an intensified treatment regimen. The Thrombocyte Activity Reassessment and GEnoTyping for PCI (TARGET-PCI) trial (ClinicalTrials.gov Identifier: NCT01177592) is currently addressing this issue with a combined approach of both platelet function testing and genotyping. Trials such as GRAV-ITAS 35 and TRIGGER-PCI with the approach of intensifying antiplatelet treatment based on platelet function testing only have been conducted in the past. Whereas the TRIGGER-PCI trial was stopped prematurely due to low event rate occurrence at interim analysis, the GRAVITAS trial failed to show a benefit of an intensified clopidogrel treatment in patients with HPR. Besides, prior studies have suggested a possible link between positive smoking status and a better response to clopidogrel treatment. 36 Here, we observed a higher proportion of smokers in ST cases vs. controls, which argues against a clinical relevance of this presumed association.
Limitations
There are some limitations of this study that merit being mentioned. Here, we only assessed the impact of two genetic variants on clopidogrel treatment efficacy. Further GWASs and candidate gene studies in large cohorts of patients are necessary to search for other new and as-yet unexplored genetic variants that significantly impact on clopidogrel responsiveness. However, the results reported here are only relevant to clopidogrel-treated patients and the introduction of newer antiplatelet agents such as prasugrel or ticagrelor may reduce the overall clinical impact of the present study in the future. In addition, for the mechanistic part of our study, we recorded only platelet aggregation measurements, and we did not assess plasma levels of the active metabolite of clopidogrel, which would have provided more mechanistic insights into the observed platelet response. A further limitation of the present study is that in addition to PON1 genotyping, PON1 enzyme activity was not assessed specifically. Here, platelet function testing was done with only one single device (Multiplate analyser), and we cannot exclude that results may differ with other devices. Finally, analyses reported here are post hoc analyses of study populations that stem from a prospective trial and a registry of consecutively recruited ST cases; therefore, it is subject to the limitations inherent to all such analyses.
Conclusions
The PON1 Q192R genotype did not influence platelet response to clopidogrel or the risk of ST in clopidogrel-treated patients. In contrast, CYP2C19*2 genotype impacted on both antiplatelet effect of clopidogrel and risk of coronary ST.
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